Decompressive craniectomy (DC) is widely used to treat intracranial hypertension following traumatic brain injury (TBI) or cerebral vascular disease. Many studies have discussed complications of this procedure, and hydrocephalus is a common complication of DC. To further evaluate the relationship between DC and hydrocephalus, a review of the literature was performed. Numerous complications may arise after DC, including contusion or hematoma expansion, epilepsy, herniation of the cortex through a bone defect, CSF leakage through the scalp incision, infection, subdural effusion, hydrocephalus and "syndrome of the trephined". Several hydrocephalus predictors were identified; these included DC, distance from the midline, hygroma, age, injury severity, subarachnoid or intraventricular hemorrhage, delayed time to craniotomy, repeated operation, and duraplasity. However, results differed among studies. The impact of DC on hydrocephalus remains controversial.
INTRODUCTION
Traumatic brain injury (TBI) constitutes an important public health issue, and decompressive craniectomy (DC) is a life-saving strategy for patients who suffer from severe TBI 1,2 , aneurysmal subarachnoid hemorrhage (SAH 3, 4 , malignant middle cerebral artery/internal carotid artery territory infarction 5, 6 , and severe cerebrovenous and dural sinus thrombosis 7, 8 . The complication rates of this procedure are a major determinant of whether DC is superior to medical treatment for patients with intracranial hypertension after TBI or other central nervous system (CNS) diseases. Many of the complications of DC arise from the normal pathophysiological changes that occur in intracranial pressure (ICP), cerebral spinal fluid (CSF) circulation, and cerebral blood flow (CBF) following removal of a large area of the skull.
Hydrocephalus is a common complication after TBI or ischemic stroke, particularly in patients who need DC ( Figure) . The incidence of hydrocephalus varies from 0-45%, depending on the study 9, 10, 11, 12, 13 . Some authors believe that DC is a risk factor for hydrocephalus 14, 15 , whereas others do not 9, 11, 12, 16 . Thus, the relationship between DC and hydrocephalus remains controversial.
Studies investigated the occurrence of hydrocephalus after DC in patients with TBI and ischemic stroke have increased in recent years. However, most of these studies have focused on the incidence of hydrocephalus or complications of DC, only a few used multivariate analyses to analyze the relationship between DC and hydrocephalus.
The purpose of this review was to evaluate the influence of DC on the development of hydrocephalus after TBI or ischemic stroke by performing a literature search and analysis of the available scientific studies.
SEARCH STRATEGY
An electronic search strategy was designed to identify human TBI or ischemic stroke studies concerning the occurrence of hydrocephalus associated with DC. A review of the literature was performed following a detailed search of PubMed between 2000 and 2012, with the aim of evaluating the impact of DC on hydrocephalus.
Complications following decompressive craniectomy
Authors have investigated complications after DC in recent years. Complications secondary to DC occur at a rate of almost 50% and occur in a sequential fashion at specific times after DC. The most frequent complications early after DC are contusion or expansion of a hematoma and a newly appearing subdural or epidural hematoma contralateral to the bone defect (within 3 days), epilepsy (within 3 days), herniation of the cortex through the bone defect (within 5 days) and CSF leakage through the scalp incision (within 7 days); after 7 days, infection and subdural effusion develop between 1 week and 1 month; hydrocephalus and "syndrome of the trephined" occur after 1 month 17, 18 . Among these complications, the most frequent is subdural effusion, but the incidence differs among studies from 11.2-62%. Other complications that often occur after DC are herniation of the cortex through the bone defect (14.6-51%), seizure (3.4-22%), hydrocephalus (7.9-14%), and infection (4.5-15.7%); others, such as CSF leakage and syndrome of trephined, occur infrequently 10, 17, 18, 19, 20 . In addition to these complications, Ban et al. reported that about 5.6% of patients suffer from a newly appearing subdural or epidural hematoma contralateral to the bone defect and 12.4% suffer expansion of the contusion 18 . Additionally, Yang et al. reported a 9.6% incidence of intracranial hematoma after DC contralateral to the craniectomy defect 17 . These two complications are classified as progressive hemorrhagic injury (PHI) after TBI. In our studies, PHI is defined as an increase in hematoma volume or a new appearance on a repeat computed tomography (CT) scan 21, 22 . DC is a risk factor for progressive epidural hematoma 23 ; this may occur because of a reduction or loss of the tamponade effect and may develop early after decompression, but the tamponade effect has not been well documented in clinical reports 24 .
The complications of DC are summarized in Table.
Development of hydrocephalus after DC
The development of hydrocephalus after DC has been studied in different diseases. However, most have discussed the occurrence of hydrocephalus in patients with CNS diseases who underwent DC, but only a few reported the development of hydrocephalus in total TBI patients, and only a few used multivariate analyses to analyze the relationship between DC and hydrocephalus.
Incidence of hydrocephalus after DC
The incidence of hydrocephalus after DC has been studied, which was reported to be 0-88.2%. The wide variation is due to differing hydrocephalus evaluation criteria and study inclusion criteria 25 . Some authors consider hydrocephalus as radiographic evidence of ventricular dilatation and/or the presence of an enlarging extra-axial collection of CSF on serial CT imaging; the incidence of hydrocephalus in such studies is high. Waziri et al. reported that patients who underwent DC have a 88.2% occurrence of hydrocephalus, but only 17 patients were enrolled in that study 26 . Lee et al. reported a 41.2% incidence of hydrocephalus in patients who suffer from malignant middle cerebral artery infarction and underwent DC 27 . De Bonis and colleagues found a lower incidence of hydrocephalus after DC (34.5%) according to more strict criteria: radiographic evidence of progressive ventricular dilatation with an Evan index .0.3, associated with narrowed CSF spaces at the convexity on serial CT imaging 28 . Others defined hydrocephalus as progressive ventricular dilatation with trans-ependymal edema, together with (1) the presence of either clinical deterioration or failure to make neurological progress over time, and (2) some evidence of clinical improvement after insertion of a ventriculo-peritoneal shunt (V-P shunt). The incidence of hydrocephalus in these studies is low 9, 11, 15 . Rahme et al. enrolled 17 patients in a retrospective study and found that the incidence of hydrocephalus after DC was 0% 9 . Choi et al. reported a 23.6% occurrence of hydrocephalus after DC 15 . However, in another study, this percentage increased to 45% 11 . This discrepancy may be associated with study inclusion criteria.
Studies focusing on hydrocephalus after DC have reported varying results due to differing inclusion criteria. Tian et al. enrolled all patients with TBI and excluded only a small portion of patients who suffered from spontaneous SAH and penetrating wounds, those who died during the course of analysis, or those who had hydrocephalus before injury. The incidence of hydrocephalus in all patients was 11.96%, and 8.62% in patients who underwent DC 12 . Rahme et al. enrolled only patients who suffered from brain infarction, hemorrhagic transformation of brain ischemia, dural sinus thrombosis, or a hemorrhagic cerebrovascular accident. They excluded patients with SAH, intraventricular hemorrhage (IVH), or head trauma, all of which are risk factors for hydrocephalus. As a result, they reported that no hydrocephalus develops after DC 9 . Other studies enrolled participants who suffered from severe TBI. Kaen et al. found a 27.3% incidence of hydrocephalus after DC in patients with severe TBI 16 . Jiao et al. and Honeybul et al. found a 45% incidence of hydrocephalus in patients with severe TBI 11, 14 . Thus the incidence of hydrocephalus after DC differs among studies due to dissimilar definitions of hydrocephalus and study inclusion criteria.
Mechanisms of hydrocephalus after DC
Ventriculomegaly is a common sequela of severe TBI 29, 30 . The most important mechanism is CSF malabsorption or obstruction of CSF flow. Waziri et al. reported that DC may play a "flattening" role in the normally dicrotic CSF pulse wave in patients who undergo DC because of transmission of a pressure pulse out through the cranial defect 26 . Arachnoid granulation function is dependent on the pressure difference between the subarachnoid space and draining venous supply; so, it is possible that disruption of pulsatile intracranial pressure (ICP) dynamics secondary to opening the cranial defect results in decreased CSF outflow and absorption; thus, leading to hydrocephalus. SAH or IVH after TBI may promote the development of hydrocephalus after DC. Blood products may block CSF circulation or absorption via an obstructive mechanism, due to a disturbance in CSF absorption at the arachnoid granulation site 31, 32, 33 . CSF absorption decreases and accumulation increases, resulting in development of chronic hydrocephalus. Acute hydrocephalus is caused mainly by intraventricular obstruction 34 . (21) 30 (28) 3 (3) 10 (9) 8 (7) 4 (4) 4 (4) 14 (13) Honeybul S/2010 41 22 (62) 18 (51) 5 (14) 4 (11) 4 (11) 3 (7) 6 (17) Ban SP/2010 89 29 (33) 13 (15) 3 (3) 10 (11) 11 (12) 5 (6) 4 (4) 2 (2) 8 (9) Honeybul S/2011 164 81 (49) 42 (26) 36 (22) 23 (14) In addition to the mechanism described above, several authors found that ventriculomegaly can be attributed mainly to an atrophic process secondary to diffuse brain injury. Patients show a progressive increase in ventricular size with no apparent clinical change, and some may benefit from shunting 30, 35 .
What risk factors have been identified for the development of hydrocephalus following DC? Risk factors of hydrocephalus following DC in patients who suffered from TBI or cerebral vascular disease were also studied. The factors associated with hydrocephalus are always controversial. Almost all studies were retrospective and only some used multivariate analyses to investigate risk factors associated with hydrocephalus post TBI or other CNS diseases.
DC itself is a risk factor for hydrocephalus in patients who suffer TBI. The effect of the skull and dura on CSF hydrodynamics is important, and a large DC might facilitate ventricular enlargement. In contrast, DC may also reduce intracranial pressure secondary to brain edema and resistance to CSF outflow, which may promote CSF absorption into pachionian granules. Jiao et al. found a significant influence of DC on hydrocephalus after TBI (odds ratio [OR], 4.312; 95%CI, 1.127-16.503) by a multivariate analysis 14 . The correlation between hydrocephalus and DC appears to be more relevant in the presence of larger craniectomies 36 . Choi et al. reported that the size of DC is an influencing factor for hydrocephalus after TBI. They found that bilateral DC has a higher incidence of hydrocephalus than that of unilateral DC 15 . However, they did not use multivariate analysis. Additionally, Shi et al. found that bilateral DC is a risk factor for hydrocephalus after TBI via a univariate analysis 37 . However, they did not compare patients with and without DC, so were unable to confirm that DC is an independent risk factor for hydrocephalus.
In some studies, the distance from the midline was independently associated with the development of hydrocephalus. De Bonis et al. reported that the distance from the midline is the only factor associated with hydrocephalus after TBI 28 . They considered that extracellular fluid is absorbed during the diastolic phase of the cardiac cycle, and that this causes a decrease in brain parenchyma volume and a consequent increase in ventricular volume, which causes hydrocephalus. Anile et al. found that when the skull is removed too close to the midline, the external force compressing the veins mainly during the diastolic phase is reduced, causing an increase in venous outflow and extracellular fluid absorption and a decrease in brain parenchyma volume, which causes ventriculomegaly and hydrocephalus 38 . Takeuchi et al. reported that the distance from the decompressive defect to the midline shows a strong trend for an association with ventriculomegaly after DC in patients who suffered from intracerebral hemorrhage (ICH) besides meningitis, but it was not an impact factor for ventriculomegaly (p=0.051). They did not investigate the relationship between DC itself and ventriculomegaly or hydrocephalus 39 . In contrast, some authors have noted that DC is not an impact factor for hydrocephalus after TBI or cerebral vascular disease. Waziri et al. retrospectively analyzed a cohort of consecutive patients who suffered from cerebral vascular disease and emergent hemicraniectomy for medically refractory elevations in intracranial pressure. They excluded patients with known independent risk factors for the development of hydrocephalus after DC, and no relationship was found between DC and hydrocephalus 26 . Additionally, Rahme et al. found that none of the 17 patients who underwent DC and were enrolled in their study developed clinically significant hydrocephalus requiring diversion of CSF, indicating that DC is not an independent factor for hydrocephalus 9 . Different from these two studies, which focused on patients with cerebral vascular disease, we used multivariate analysis to investigate the risk factors for hydrocephalus after DC in patients with TBI, and found no relationship between DC and hydrocephalus 12 . Hence, the effects of DC on the development of hydrocephalus remain controversial, and it is difficult to explain the nature of the influence.
Age was correlated with the development of hydrocephalus in our previous study 12 . This result was also reported by Jiao et al. 14 . Some authors have reported that the extent of meningeal fibrosis can increase in older patients, which impairs CSF circulation and decreases CSF absorption 40 . Moreover, the wider subarachnoid space in older patients can contain larger volumes of subarachnoid blood after TBI; thus, increasing their risks for developing a CSF circulation disturbance 41 . Injury severity is another impact factor for hydrocephalus. In a multivariate analysis, Honeybul et al. found that maximum ICP prior to decompression (p=0.012) and admission Glasgow Coma Score (GCS) (p=0.009), which are indicators of injury severity, are significant independent risk factors for development of hydrocephalus after DC, but they found no relationship between the craniectomy margin and hydrocephalus 11 , which differs from a report by De Bonis et al. 28 . Their results suggest that damage to the CSF drainage pathways contributes to the primary brain injury, rather than the craniectomy margin, as a factor responsible for hydrocephalus. Additionally, Shi et al. reported that patients with low GCS tend to develop post-traumatic hydrocephalus (PTH) after DC 37 . Different from the results described above, our retrospective study found no relationship between admission GCS score and hydrocephalus 12 . A more severe brain injury, including severe cerebral contusion and diffuse axonal injury, can be expected to produce more severe CSF absorption disturbance, favoring ventricular enlargement.
However, the increasing number of deaths in patients with a low GCS score may reduce the possibility of delayed development of hydrocephalus after head injury 42 39 . The distance from the decompressive defect to the midline and the presence of meningitis showed a strong trend for an association with ventriculomegaly. Hydrocephalus occurs in patients with SAH or IVH mainly via an obstructive mechanism.
Some authors have reported that hygroma (subdural or interhemispheric) is an impact factor for hydrocephalus after DC. Kaen et al. retrospectively studied 73 patients with severe head injury who required DC 16 . After uni-and multivariate analyses, they concluded that the presence of interhemispheric hygromas was the only independent prognostic factor for the development of post-traumatic hydrocephalus with an OR of 28 (p,0.0001). Honeybul and Ho studied almost 200 patients and found that subdural hygroma is the only risk factor for hydrocephalus requiring a V-P shunt, besides injury severity 11 . No other studies focused on the impact of hygroma on hydrocephalus development, and so the relationship between hygroma and hydrocephalus remains to be determined.
Other predictors for hydrocephalus after DC, such as delayed time to craniotomy 26 , repeated operation 15 , and duraplasity 37 , are not common. Thus, the risk factors for hydrocephalus remain controversial.
FINAL REMARKS
DC is a life-saving strategy in patients who suffer from TBI or other intracranial diseases. Complications after DC include contusion or hematoma expansion, epilepsy, herniation of the cortex through the bone defect, CSF leakage through the scalp incision, infection, subdural effusion, hydrocephalus and "syndrome of the trephined".
Hydrocephalus is a common sequela in patients who have undergone DC. The incidence of hydrocephalus after DC is 0-88.2%, depending on the inclusion criteria and definitions of hydrocephalus used. Hydrocephalus develops mainly due to CSF malabsorption or obstructed CSF flow.
Risk factors for hydrocephalus after DC, include DC, distance from the midline, hygroma, and others. But, various studies have reported different results. DC may or may not be a risk factor for hydrocephalus, and the physiological mechanism by which hydrocephalus develops after hemicraniectomy remains to be determined. Its impact on hydrocephalus remains controversial and so more prospective, multicenter controlled studies are required.
